Background-The MRI-compatible electrophysiology system previously used for MR-guided left ventricular electroanatomic mapping was enhanced with improved MR tracking, an MR-compatible radiofrequency ablation system and higher-resolution imaging sequences to enable mapping, ablation, and ablation monitoring in smaller cardiac structures. MR-tracked navigation was performed to the left atrium (LA) and atrioventricular (AV) node, followed by LA electroanatomic mapping and radiofrequency ablation of the pulmonary veins (PVs) and AV node. Methods and Results-One ventricular ablation, 7 PV ablations, 3 LA mappings, and 3 AV node ablations were conducted.
T he current state-of-the-art electrophysiology (EP) practice for treatment of atrial fibrillation (AF) uses registration of preacquired CT or MRI of the atrium and pulmonary veins (PVs) with an electroanatomic monitoring (EAM) system to guide diagnostic catheterization and radiofrequency ablation (RFA). 1, 2 Recent results suggest that MRI may also have utility after left atrial RFA in the assessment of ablation lesions 3, 4 and may prove useful in determining circumferential ablation gaps that can contribute to the recurrence of AF. 5 
Clinical Perspective on p 704
The growing use of preinterventional and postinterventional imaging suggests that interventional MRI (I-MRI) may provide additional benefits. I-MRI may permit more precise EAM mapping because I-MRI provides up-to-date anatomic scans and does not require coregistration with a scan performed hours or days previously. 5 I-MRI also offers direct visualization of ablation injuries, through methods such as T2-weighted imaging and 3D myocardial delayed enhancement (3D-MDE), 6 -10 which can differentiate tissue necrosis and transient edema. If I-MRI is clinically used, its use may reduce the AF recurrence rate (currently 10% to 30%) after ablation procedures. [11] [12] [13] [14] I-MRI may also reduce complications, such as unwanted heating of adjacent organs, perforation of the esophagus, 15 PV stenosis, or clot formation. 16 -18 In an earlier study, 19 an EAM mapping system for use inside an MR scanner was presented. The MRI-EP hardware, software, and catheters were designed to be compatible. Testing confirmed that (1) the EAM system did not create artifacts on acquired MR images, and (2) MRI caused minimal distortion of the acquired internal and surface ECG signals. In that study, MRI-EP was applied to left ventricular (LV) EAM mapping, demonstrating improvements in mapping accuracy.
In the present work, an extended version of the integrated MRI-EP system was used in animal procedures mimicking treatments of AF. Mapping and ablation of the left-atrial (LA)/ PV junction and ablation of the atrioventricular (AV) node were attempted. In this new work, higher-resolution MRI sequences were required, both for navigation and for ablation assessment to accommodate the thin atrial wall (1 to 3 mm). In addition, multiple tracked devices were used simultaneously, and improved tracking sequences were developed and deployed to increase tracking robustness in the presence of complex blood flow in the atrium.
The I-MRI procedures involved the following stages: (1) acquisition of diagnostic MRI images, (2) preoperative preparation of roadmap images, (3) navigation of multiple MRcompatible catheters to the planned ablation region using MR tracking, (4) EAM mapping of the desired regions, (5) ablation of target regions, and (6) postablation verification of ablation injury. These procedures were conducted entirely within the MRI scanner but were preceded by a transseptal puncture, which was conducted in an x-ray fluoroscopy system.
Methods
This study was approved by the Massachusetts General Hospital Subcommittee for Research Animal Care. Eight normal pigs were used, with multiple procedures performed on some animals: 1 for establishing image quality during ablation, 4 for LA mapping, 7 for LA/PV junction RFA, and 3 for AV node ablation.
MR-Guided Interventional EP System
The experimental MRI-EP system developed for these studies was described previously. 19 In the present study, an RFA subsystem was added, and enhancements were made to the MR-tracking and MR-tracked catheter subsystems.
MR-Compatible RFA
RFA capability was added ( Figure 1A ) with the inclusion of an RFA generator (IBI-1500T, St Jude Medical, Minnetonka, Minn), equipped with both impedance and temperature control. The generator was located outside the scanner room. Impedance-controlled RFA delivery, without noise introduction, was provided by circuitry described in detail in Figure 1B . Inside the scanner room, the RFA signal was carried to a mechanical radiofrequency switch ( Figure  1A ) that allowed switching between the EGM and ablation circuits. The EP catheter tip temperature was measured by a thermocouple, which was connected through the penetration panel via a low-pass filter.
The MR-compatible RFA system was tested to ensure that MRI quality was maintained in 3 scenarios: (1) with the radiofrequency generator system turned off, (2) with the radiofrequency generator system turned on but idle, and (3) with RFA power transmission. Figure 1C shows real-time LV swine MR images during 30-W radiofrequency transmission and after ablation with the RFA system idle, showing a lack of noticeable MRI degradation during ablation. Measured signal-to-noise differences with the generator on and off were within 5%. Figure 1D shows a postablation high-resolution 3D-MDE scan conducted with the radiofrequency generator on but idle, demonstrating the system's uncompromised ability to perform diagnostic imaging.
MR Tracking Catheter and System Enhancements
The 8-channel MR tracking system (GE Global Research, Niskayuna, NY) allows for simultaneous tracking of 8 MR tracking coils. 19 The MR tracking rate in the present study was 13 to 15 frames per second (fps), with a tracking spatial resolution of 1.4ϫ1.4ϫ1.4 mm. The MR tracking receiver bandwidth used was Ϯ16 or Ϯ32 kHz.
The deflectable MRI-compatible 8F EP mapping/ablation catheter ( Figure 2A ) from St Jude Medical, equipped with 5 MR tracking microcoils, was described previously. 19 Maximal in vivo catheter heating (see Safety Design of MRI-EP Catheters, Radiofrequency Heating Experiments in the online-only Data Supplement), was predicted to be Ͻ2°C for sequences used in this study. To enable LA catheter manipulations, St Jude Medical constructed 2 additional MRI-compatible devices. MR-tracked 10F fixed-curved (S-, J-, and L-shaped) unbraided-shaft guiding sheathes were built and equipped with 4 to 5 MR tracking microcoils each ( Figure 2B ). The MR tracking coils were positioned 0.4, 1.1, 1.8, 4.3, and 9.5 cm from distal tip and were each connected to the proximal end with 50-g coaxial cable. 7F pacing/stimulation catheters ( Figure 2C ) were also constructed. The unbraided pacing/stimulation catheters contained 2 pairs of bipolar electrodes at 0.8 and 4.5 cm from the distal tip, interspersed with 5 MR tracking microcoils positioned 0.2, 1.5, 2.5, 3.8, and 5.0 cm from the distal tip. Because the MR tracking platform had 8 acquisition receivers, we simultaneously tracked 2 or 3 of the above devices.
In the porcine atrium, blood flow is complex, with strong temporal and spatial velocity variations (variations from 3 to 50 cm/s at the PV orifice were measured using ECG-gated, 3D phase-contrast MRI). This flow reduced MR tracking stability of the lumenless EP catheters, which receive their MRI signal from fluid on the outside of the catheter, using the nonuniform peripheral radiofrequency field of the solenoidal microcoil instead of the uniform central field in the solenoid center. With the use of flow phantoms and flow pumps, the effects were experimentally recreated.
Tracking stability was improved using phase-field dithering of the MR tracking signal. 21 With the phase-dithering approach, an additional gradient pulse is added to the MR tracking sequence to dephase spin magnetization. This gradient pulse is applied orthogonal to the frequency-encoding gradient and rotated in subsequent applications of the pulse sequence. The acquired data are analyzed, and the best data from the different rotation orientations are then selected and used for positional tracking. Figure 2D shows in vivo atrial results without (left) and with (right) phase-dithering using a 3-step orientation cycle. The transition from split, broad peaks to sharp, narrow peaks provides a dramatic improvement in device tracking robustness.
Data Handler System Enhancements
The Data Handler system (GE Global Research, Niskayuna, NY) described previously integrates the intracardiac electrogram (EGM), catheter tracking, and preacquired MRI data. 19 To support atrial RFA, the Data Handler anatomy display, with its overlay of EAM voltage amplitudes and timings, was augmented with the ability to display ablation lesion positions, forming an MRI analog of a commercial EAM/RFA system such as NavX (St Jude Medical).
Diagnostic Preoperative Imaging
The MRI protocol described previously 19 was modified to reflect the requirements of atrial navigation, scar visualization in a thin left atrial wall, [3] [4] [5] and visualization of AV node ablation injury immediately afterablation.
MRI was performed in a 1.5-T MRI (GE Healthcare CV/i, Waukesha, Wis) equipped with an 8-channel cardiac coil. Preoperative imaging consisted of sagittal 3D contrast-enhanced (0.44 mL/kg Gd-DTPA) ECG-gated MR angiography (MRA) (repetition Figure 1 . A, Enhanced MRI-EP system schematics, whose basic functionality was previously described. 19 Scan room components collect MRIs, MR-tracking signals from the catheter tracking-coils, surface ECGs, and catheter-tip intracardiac electrograms (EGMs). Data capture is foot-pedal driven. Outside the scan room, the MR tracking processor converts tracking data into tracking-coil coordinates and overlays a catheter profile on multidirectional slice sets. Data Handler segments and renders MRIs into 3D surfaces and receives data from the EGM logging system. Data Handler also receives tracking-coil coordinates, renders a catheter shape, and then overlays it on the 3D surfaces. Scan room monitors display the MR-tracked slice sets, Data-Handler 3D views, and the EGM logging system. An enhanced MRI-EP feature is the RFA generator, located outside the scan room and connected to the EP catheter via a manual switch. The switch allows the EP ablation/mapping catheter electrodes to be accessed by either the EGM system or the RFA system. B, Circuit diagram of the MRI-compatible RFA energy conduction path from the generator to the scan room penetration panel. This circuit minimizes scan room noise at the MRI frequency (63.8 MHz) and allows impedance control of RFA (500 kHz). Current is conducted via a coaxial cable whose shield (Ϫ) is isolated from the generator and penetration panel grounds. The center conductor (؉) is attached to the penetration panel via a serial 500-kHz impedance-matching circuit (Z match), a 63.8-MHz band-reject (BR) filter, and 3 serial 20-MHz (Mini-Circuits BLP-21.4ϩ, Brooklyn, NY) low-pass filters (LP, only 1 shown). The return path is identical in design, excluding the impedance-matching circuit. C, Real-time imaging conducted during 30-W RFA in a swine LV (upper) and after ablation with the radiofrequency generator idle (lower). Both images have similar image quality. D, High-resolution 3D-MDE immediately after RFA in the apical LV with the generator connected but idle. Image quality is maintained, clearly showing the distal catheter and the lesion (red arrow) created by the ablation. time [TR]/echo time [TE]/ϭ2.9 ms/0.8 ms/37°, 256ϫ160 matrix, 36 to 32ϫ32 to 28 cm field of view [FOV], Ϯ83.3 kHz bandwidth, 2.8 to 3.2 mm slice width, interpolated to 1.4 to 1.6 mm slice width, midatrial-diastolic timing, and 40 to 46 slices/breath-hold) covering the entire heart as well as the aorta and inferior vena cava. The 3D-MRA was followed by 12 to 14 2D FIESTA-SP 17 (TR/TE/ϭ2.9 ms/1.0 ms/50°, 224ϫ224, 28ϫ28 cm FOV, Ϯ125 kHz bandwidth, 6.0 to 7.0 mm slice width, 20 cardiac-frames per cardiac cycle, 1 slice/breath-hold) short-axis wall-motion cine scans, covering from the aortic arch to the heart apex.
Intra-ablation and Postablation Imaging
For postablation imaging in the left atrium, 3D navigator-echo respiratory-gated, 3D-MDE imaging (TR/TE/TI/ϭ3.5 ms/0.9 ms/150 ms/25°, 256ϫ160, 32-30ϫ32-30 cm FOV, Ϯ62.5 kHz bandwidth, 2.0 to 2.4 mm slice-width, interpolated to 1.0 to 1.2 mm slice width, midatrial-diastolic timing, 24 to 36 slices, 4 to 6 minutes acquisition time) was used approximately 30 minutes after Gd injection.
For intraprocedural, real-time LV imaging during ablation, a fast T1-weighted fast gradient echo scan (TR/TE/ϭ4 ms/1.3 ms/30°, 256ϫ128, 40ϫ40 cm FOV, Ϯ128 kHz bandwidth, 10 mm slicewidth, ECG-gated with midsystolic timing, 1 slice/2 seconds acquisition time) was used. Atrial intra-ablative imaging was not performed, whereas it was performed in the ventricle, due to the requirement for a 1.2ϫ1.2ϫ2 mm spatial resolution to observe lesions in the atrial wall, which exceeded the resolution of our real-time sequence.
For intraprocedural AV node ablation, ablation monitoring using continuous Gd-contrast drip was used. The continuous Gd drip allowed for a short navigator-echo 3D-MDE scan to be performed Ϸ2 minutes after ablation: TR/TE/TI/ϭ3.5 ms/0.9 ms/150 ms/25°, 256ϫ160, 30 -32ϫ30 -32 cm FOV, Ϯ62.5 kHz bandwidth, 3.0 to 3.6 mm slice width, interpolated to 1.5 to 1.8 mm slice width, midatrial diastolic timing, 12 to 16 slices, 1.5 to 2 minutes acquisition time.
MR-Tracked Navigational and EAM Techniques
After the preoperative acquisitions, the 3D-MRA and FIESTA-SP data were reformatted into 6-mm slice width sagittal, coronal, axial, and atrial long-and short-axis slice sets. Real-time catheter manipulation was performed using simultaneous displays of these 2D slice sets and 3D segmented LA models created from the 3D-MRA data, overlaid with the catheter locations. 19 arteries and veins bilaterally. Using an 8.5F Mullins sheath, a transseptal puncture was performed under fluoroscopic guidance (GE Healthcare OEC 9800, Salt Lake City, Utah). Once access to the LA was obtained, intravenous heparin (100 U/kg initial bolus, followed by 30 U/kg/h) was administered. The MR-compatible sheath was then inserted into the LA. The proximal end of the sheath was sutured to prevent sheath displacement sheath during transport. The swine were then transported to the I-MRI suite for the remainder of the procedure.
Interventional Procedures

MRI-Tracked Navigation in the LA and EAM
After transfer to the I-MRI suite, preprocedural MRI was conducted and the data were prepared for use in navigation. The MRI-tracked EP catheters were then inserted into the MR-compatible sheath ( Figure 3, A and B) , and atrial mapping was performed by manipulating both devices, with continuous monitoring of the positions and orientations of both. The EP catheter was navigated to points on the atrial wall ( Figure 3C and supplemental Video), where EAM voltages were recorded point-by-point using pneumatic pedals to capture the voltage traces. Peak-to-peak voltage color maps ( Figure 4A ), ranging from Ϯ1.5 mV to 0.0 mV, were created using Data Handler.
MRI-Tracked RFA of the LA
After EAM mapping, the EP catheters were navigated, using MR-compatible sheaths for added deflection, to the right inferior pulmonary vein (RIPV) (Figure 4B ), which is typically dominant in swine. Circumferential ablation of the RIPV orifice was initiated ( Figures 4A and 5A ), using Data Handler to denote ablation positions. Ten to 20 RFA lesions were created in each animal. Once ablation was completed, Gd-contrast was injected. After a 20-minute wait, the catheters were withdrawn from the PV surface by Ϸ2 cm, and navigated 3D-MDE images ( Figure 5B) were acquired. Lesion visualization was obtained by segmenting the 3D-MDE surface and overlaying it over the 3D-MRA-derived LA lumen depiction ( Figure 5C) 
Postexperimental Tissue Examination
After the mapping procedure, the animals were euthanized and the atria were visually inspected. The torsos and hearts were also carefully inspected to record possible sites of inadvertent heating and/or puncture caused by the experiments.
Localization and Ablation of the AV Node
MRI-Tracked Navigation to and Localization of the AV Node
Animal preparation for navigation and RFA of the AV node (nϭ3) was substantially the same as that described above. In addition, a 10F introducer was placed in the right jugular vein and a 7F MR-tracked pacing/stimulation catheter was inserted into the coronary sinus under fluoroscopy.
After animal transfer to the MRI, the MR-compatible deflectable sheath, with an MR-compatible EP catheter protruding from its distal end, were jointly navigated, using the preacquired images from the femoral veins, through the inferior vena cava, into the right ventricle, and up toward the tricuspid valve. Another 7F MRI-tracked pacing/ stimulation catheter was inserted into the contralateral femoral vein and manipulated to the right ventricle to permit pacing.
Several points on the septal wall, in the tricuspid valve region, were successively touched with the EP catheter ( Figure 6A ), and the EAM signal was monitored until contact with the His bundle was ascertained, as observed through a characteristic arterial and venous signal ( Figure 6B ).
Ablation of the AV Node, Pacing, and Ablation Monitoring
Once contact with the His bundle was ensured, ventricular pacing was initiated (60 bpm, capture rate Ϸ3ϫ systolic amplitude) using an external pacing generator (St Jude Medical, 3077). The pacing catheter was placed in the coronary sinus, under x-ray, or in the right ventricle, under MR guidance. Concurrent with pacing, a slow drip of Gd-contrast (Ϸ0.03 mL/s for 10 minutes) was started. Under (Figure 7A ), 20-W RFA was applied for 60 seconds. After RFA discontinuation, a breath-held 3D-MDE sequence was acquired, covering the tricuspid valve region to visualize the effects of the AV node ablation ( Figure 7B ). Postmortem visual lesion examination was also conducted.
Results
MR-Tracked Navigation
The preoperative imaging session lasted 45 minutes. Image resolution and contrast-to-noise ratio was sufficient for con- struction of all the required 2D and 3D data for navigation to/within the atrium and/or the AV node.
Similar to results achieved in LV EAM, 19 the inherent signal-to-noise and acoustic advantages of MR trackingbased navigation over real-time (rapid, high-bandwidth) MR image-based navigation 18, 20, [22] [23] [24] [25] allowed the navigation and ablation procedures to be conducted with an open radiofrequency door and without any hearing protection.
In the atrial procedures, 2 devices (EP catheter and torqueable sheath) and in the AV node procedures, 3 devices (EP catheter, torqueable sheath, and stimulation/ pacing catheter) were tracked simultaneously at 13 to 15 fps, at a 1.4ϫ1.4ϫ1.4 mm spatial resolution. Because the MR EP system allows for several simultaneous displays, separate windows were used to focus on individual devices, which proved important when the device positions were greatly separated. The ability to deflect/torque the EP catheter and sheath together significantly improved the navigational abilities within the small swine LA beyond those possible with the EP catheter alone. 19 Using the phase-dithering technique, stability of MR tracking localization in the atrium improved dramatically ( Figure 2D ). Phase dithering proved especially important during circumferential ablation of the PVs, which required extreme deflections of both catheter and sheath, as well as maintaining position and contact pressure for Ϸ2 minutes.
MR-Guided Atrial EAM and RFA in the LA
MR-guided EAM of the LA, with 30Ϯ10 points per animal, was successful in all 3 animals. Voltage and activation delay maps were constructed ( Figure 4A ). Voltages Ͼ1.5 mV were observed throughout the LA (left), with 1.2 to 1.5 mV observed at the PV junctions and 0.6 to 0.8 mVs within the PVs (right, Figure 4 ). These voltage values are similar in magnitude (Ϯ0.1 mV) to those we obtained with commercial EAM systems.
Circumferential ablation of the RIPV was attempted in 7 pigs. In several pigs, lesions were also placed about smaller veins (RS PV, LS PV), totaling10 to 20 lesions per animal. The positions of the ablation lesions, as marked intraprocedurally on 3D maps ( Figure 4B ), corresponded well with the positions seen postprocedurally using 3D-MDE and after the animals were killed, in tissue examination. Circumferential RIPV ablation succeeded in 3 pigs (Figure 4D ), as seen in the postmortem examination and verified with an absence of gaps in the 3D-MDE images, although electric validation of PV isolation was not performed. In the remaining pigs, circumferential lesions were not created ( Figure 5 ) because the catheter could not reach the inferior RIPV (area underneath RIPV in Figure 5 , A and C). In these small atria, ablation of the inferior side would have required additional septal punctures or catheters having greater deflecting ability.
MR-Guided AV Node Ablation
AV node ablation was performed in 3 animals. In 2 animals, complete block was achieved 45 seconds after ablating at 20 W, as seen in the intracardiac EGM traces ( Figure 7A ). In 1 animal, only a partial block was achieved. The continuous Gd-drip ( Figure 7B ), high-resolution MDE image of the AV node ablation, 2 minutes after ablation, clearly showed the ablation position and extent. In 2 animals ( Figure 7C ), postmortem tissue examination confirmed properly positioned lesions, whereas in the partial block, the ablation lesion was too small.
The AV node procedure also demonstrated the ability to perform continuous pacing inside the MRI, which has consequences for human trials. 
Procedure Safety
No significant endocardial trauma or LV perforations were noted at autopsy, suggesting that the MRI-compatible catheters functioned similarly to conventional catheters. No elevated temperatures were observed intraprocedurally using the EP catheter tip temperature sensors. In addition, no internal lesions were found during postprocedural examination of the 8 pigs, suggesting that inadvertent radiofrequency induced heating did not occur, although a systematic study of catheter heating at positions along the catheter shaft was not conducted. An electric isolation circuit for the EAM/ECG amplifier and a prototype isolation module 19 were used to limit the leakage current levels to those in clinically approved invasive monitoring systems.
Discussion
In this study, we demonstrated performance of MR-guided 3D-EAM and RFA of the LA and AV node using simultaneous MR tracking of multiple catheters. First, we demonstrated that several catheter devices, using multiple tracking coils, allowed for real-time visualization, on both 2D-slice and 3D renderings, of the catheter shapes during in vivo manipulation. Second, accurate positioning of the catheters with manipulation of 2 devices (EP catheter and sheath) allowed access to complex regions even in the small swine atrium, allowing for complete electroanatomic mapping and for circumferential ablation. Third, we showed that we could continuously track catheters and measure the ECG and EGM signals during the ablation process. Finally, we showed that we could visualize the lesions we created using 3D-MDE, which allowed assessment of procedure success before removing the animal from the surgical suite.
MR Tracking
The MR tracking technique was improved with the application of an orthogonal dephasing gradient in the MR tracking pulse sequence, allowing for stable catheter handling even in the challenging PV/atrium junction environment.
MR positional tracking allows for high-spatial-resolution (1.4ϫ1.4ϫ1.4 mm) localization of multiple devices, relative to techniques using continuous real-time MRI. 18 There are further advantages in the faster update rates (13 to 15 fps) and the lower acoustic noise. 19 Construction of a set of MR-tracked catheters that retained the mechanical properties of standard EP catheters proved possible. We were also able to show that an extremely thin-walled torqueable MR-tracked sheath could be built. Nevertheless, additional MRI-compatible devices are needed Figure 7 . AV node ablation. A, 4 ECG channels (3 surface channels and EP catheter), with pacing before ablation. Before ablation (left), the EP catheter ECG, which touches the AV node, shows a His signal, whereas after RFA (right) this signal disappears. B, Using a continuous Gd-contrast drip, ablation lesions appear 2 minutes after RFA on 3D-MDE slices, with bright regions (dashed red circles) due to RF ablation. C, Gross tissue examination shows the ablated region (dashed black circle).
to improve procedure speed and flexibility to perform the entire EP procedure inside the MRI.
MRI Guidance
The chief advantages of MR guidance lie in the ability of MR to visualize atrial anatomy, including dynamic changes in atrial size during the cardiac cycle. These advantages allowed for rapid navigation to all parts of the atrium and permitted complete atrial EAM in 25Ϯ5 minutes. Because the MRA images and the MR tracking data were acquired in the same session, registration of the images and tracking data were implicit. Consequently, no time was required to register the coordinate spaces of the imaging and tracking systems (20 to 40 minutes in x-ray-guided EP procedures using previously acquired CTA/MRA images 8, 25 ). Registration inaccuracy was also not encountered (due to changes in atrial size, position, or gravitational effects, as frequently observed in EP procedures). The tracking precision was high, as determined by the close correspondence between the ablated-point positions marked on the intraprocedural display ( Figure 5B ) and on the postprocedural 3D-MDE images ( Figure 5C ). Finally, MR tracking permitted EAM and RFA without subjecting the physician or patient to ionizing radiation.
The benefits of MR guidance for EP procedures were evident, even when circumferential ablation was not completed. In these experiments, actual catheter positions were observed on the in-room displays ( Figure 5B), and the inability to complete a circumferential ablation was made known during the procedure. Likewise, the placement of ablation points ( Figure 5B ) and their corresponding lesions were visualized intraprocedurally using the MDE-overlaid images ( Figure 5C ). In a clinical setting, this important information could affect procedure management. The MRguided RFA procedures required 120Ϯ40 minutes, which is similar to the duration of equivalent animal procedures we performed using traditional non-MRI methods.
Inside the LA, several 2D and 3D image sets of different contrast and temporal accuracy were available to guide mapping and ablation. The 3D-MRA surface reconstruction provided atrial volume visualization, overlaid with the relative catheter locations, which is similar to conventional EAM/EP system displays. However, MRI provided more information, including wall thickness, scar presence, and the presence of nearby eloquent structures, such as the coronary arteries and esophagus. T2-weighted MRI could have provided additional data on transient post-therapy edema. 10 
Study Limitations
Whereas the majority of each procedure was performed within the MRI, the transseptal puncture, which could have been performed under MRI, 20 used fluoroscopy. Postmortem microscopic histology was not conducted.
The AV node localization technique is identical to that used in conventional EP procedures, that is, touching the wall and measuring the intracardiac ECG. Improved anatomic MRI intertissue contrast may allow faster AV node localization.
In this study, intraprocedural motion did not occur because the animals were under general anesthesia. In nonanesthetized subjects, motion might require intraprocedural registration.
Despite the favorable findings of this and other studies, 22 additional challenges must be overcome before MRI-based EP procedures can be used in clinical practice. These include patient motion correction, MRI-compatible patient monitoring, and comprehensive catheter safety testing.
